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Abstract
The role of moduli stabilization in predictions for CP violation is examined in the context of
four-dimensional effective supergravity models obtained from the weakly coupled heterotic string.
We point out that while stabilization of compactification moduli has been studied extensively, the
determination of background values for other scalars by dynamical means has not been subjected
to the same degree of scrutiny. These other complex scalars are important potential sources of
CP violation and we show in a simple model how their background values (including complex
phases) may be determined from the minimization of the supergravity scalar potential, subject to
the constraint of vanishing cosmological constant.
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It has been argued by Dine et al. and Choi et al. [1] that CP is a gauge symmetry in string
theory and that explicit breaking is therefore forbidden both perturbatively and nonperturbatively.
They have shown that this is certainly true for weakly coupled heterotic orbifolds, the principal
topic of this note. Thus, we envision spontaneous CP violation through complex scalar vacuum
expectation values (vevs).
Compactification Moduli. One possible source is scalar fields corresponding to compact-
ification moduli of the six-dimensional compact space. These are Ka¨hler moduli (denoted with a
“T”) and complex structure moduli (denoted with a “U”). Iba´n˜ez and Lu¨st [2] have enumerated the
possibilities for ZN and ZM × ZN orbifolds, based on the results of [3]:
case 1: Γ = SL(2, Z)3T × SL(2, Z)nU
K = −
3∑
I=1
ln(T I + T¯ I)−
n∑
I=1
ln(U I + U¯ I)
n = 0 : Z7, Z
′
8, . . .
n = 1 : Z6, Z8, . . .
n = 3 : Z2 × Z2 (1)
case 2: Γ = SL(2, Z)T × SL(2, 2, Z)T × SL(2, Z)nU
K = − ln(T 1 + T¯ 1)− ln det(T + T¯ )−
n∑
I=1
ln(U I + U¯ I)
T is 2× 2, n = 0 : Z ′6, n = 1 : Z4 (2)
case 3: Γ = SL(3, 3, Z)T : Z3
K = − ln det(T + T¯ ), T is 3× 3 (3)
Γ is the target-space modular duality group. It can be seen that each case has 3 diagonal Ka¨hler
moduli (I = 1, 2, 3):
T I ≡ T II (4)
which transform under an SL(2, Z)3 subgroup of the duality group Γ:
T I → T ′I = a
IT I − ibI
icIT I + dI
,
aIdI − bIcI = 1, aI , bI , cI , dI ∈ Z (5)
Enforcing this symmetry on the field theory limit leads to modular invariant supergravity. This
symmetry constrains the stabilization of these moduli, and hence possible CP violating phases
originating from arg(T I) [4, 5, 6, 7].
FI induced vevs. Cancelation of the trace anomaly associated with an anomalous U(1)X
by the GS mechanism [8] leads to an FI term [9] for the D-term of U(1)X :
DX =
∑
i
Kiq
X
i φ
i + ξ, ξ =
g2H tr QX
192π2
m2P (6)
where gH is the unified coupling at the string scale ΛH and mP = 1/
√
8πG = 2.44 × 1018 GeV
is the reduced Planck mass. The fields φi which acquire nonvanishing vevs will be (following [5])
referred to as Xiggs fields in what follows.
In [10] it was shown that the presence of a U(1)X factor in the gauge group G is generic for
semi-realistic orbifold models. For the class of standard-like orbifolds studied there, only 7 of 175
models did not have a U(1)X . In the semi-realistic free fermionic models [11] a U(1)X is also
generic.
In [12], the scalar potential V for SUGRA with a U(1)X was studied for vacuum configuations
satyisfying 〈V 〉 = 〈∂V/∂φi〉 = 0. Supersymmetry breaking was characterized by
〈|W |2〉 = |δ|2, 〈Kij¯F iF¯ j¯〉 = αe〈K〉|δ|2 (7)
According to expectations, it was found that 〈V 〉 = 〈∂V/∂φi〉 = 0 together with reasonable super-
symmetry breaking scale requires
〈DX〉 ∼ |δ|2 ≪ |ξ| (8)
For canonical K =
∑
i |φi|2 and 〈φi〉 = vi,
〈DX〉 =
∑
i
qXi |vi|2 + ξ (9)
qXi ∼ 1 ⇒ |vi| ∼
√
|ξ| (10)
Research in progress [13] has shown that (8,10) hold in cases more complicated than those
studied in [12].
Based on (10), in [10] the U(1)X gauge symmetry breaking scale ΛX was defined as
ΛX =
√
|ξ| (11)
For the class of models studied there it was found that for the 168 of 175 cases where ξ 6= 0,
gH
8.00
≤ ΛX
mP
≤ gH
4.63
=
ΛH
mP
(12)
where ΛH ≈ 0.216 × gHmP is the approximate string scale obtained in [14]. With gH ∼ 1 we have
that ΛX ∼ 0.1×mP is a generic prediction.
The result of this is that nonrenormalizable operators should contribute significantly to the
(effective) Yukawa couplings of the lighter quarks, since they are only down by (ΛX/mP )
n ∼
10−n, n > 0. Given λu,d/λt ∼ 10−5 after running to the high scale, it is difficult to believe that
nonrenomalizable operators would not play a role, generically speaking. Operators with 1 ≤ n ≤ 4
would typically be present. Models with flat directions where this is not the case may be able to
be found; for example, the 7 of 175 without a U(1)X found in [10]. However, if this is not the case
generically, one can take the point of view that these models do not well represent “predictions”
of string theory. That is, one can argue that in the absence of a dynamical vacuum selection
mechanism in string theory, one should fall back on what is generic in extracting “predictions.”
For these reasons, it was argued in [5] that FI induced vevs are more likely to be the dominant
source of CP violation in string-derived models. These vevs are generically complex. Indeed, (9) is
completely “phase-blind,” leading to massless pseudoscalars termed D-moduli in [12]. Efforts are
underway [13] to stabilize these moduli by including various terms in V (intentionally) neglected
in [12]. Until this can be achieved, there is no dynamical reason to take the phases to be real. In
[12] it was demonstrated that the generic case leads to nonzero KM phase.
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Relevant orders. Renormalizing to ΛX ∼ ΛH ∼ 1017 GeV,
mu
mt
∼ 10−5 (13)
for moderate values of tan β. But for T I stabilized at self-dual values, we do not get such a
hierarchy from trilinear Yukawas. A natural source of such a hierarchy is the scale ΛX . I.e.,
nonrenomalizable superpotential couplings can give effective Yukawa couplings from Xiggs vevs.
The hierarchy is generically
λeff
λtri
∼
(
ΛX
mP
)n
(14)
where n counts dimensionality beyond trilinear. To get (13) we need n ≈ 5. Thus, the structure
of the Yukawas requires that we consider operators of rather large dimension in order to develop
predictions in a realistic theory. The smallness of mu,md,ms requires that we work well beyond
leading order to make firm conclusions about, say, Vub vs. experiment. Not only should we work
to higher orders in the superpotential couplings, but also in the Ka¨hler potential since Xiggs vevs
could give kinetic mixing which is not that small. E.g., K ∋ kijk〈φi〉u†juk, j 6= k. Such higher order
terms are not well-understood and are not protected by nonrenormalization theorems. For the
latter reason we will generally need to study supergravity loop corrections to any Ka¨hler coupling
extracted from string amplitudes at the string scale.
Note that all of these effects are highly dependent on the choice of Xiggs vevs. Which flat
direction do we lead our expansion about? The results of [5] seem to suggest that the degeneracy
is so great that we likely have the flexibility to tune the KM phase to any value we like. String
theory has provided us with an empirical framework to match experimental data, while at the
same time rendering our description quantum mechanically consistent in the ultraviolet limit with
gravity included. But can we do better? Can we extract predictions?
Consider what Bine´truy, Gaillard and Wu (BGW) did to extract predictions for the T-moduli
phase [15]. They included nonperturbative effects from the hidden sector, coupled T I to the gaugino
condensate superfield U in the Veneziano-Yankielowicz lagrangian LV Y and imposed reparameter-
ization symmetries. We must envision a similar analysis to stabilize the D-moduli if we are to
stabilize them and predict Xiggs phases. The mixed anomaly
tr QX 6= 0 ⇒ tr T aT aQX 6= 0 (15)
implies Xiggs couplings through gauge interactions with the hidden sector. A study of these effects
is in progress.
Phase predictions from D-moduli stabilization. This is a modification of the linear
multiplet toy model of [12]. The desire is to lift vacuum degeneracy by coupling D-moduli to
matter condensates of the hidden sector condensing group GC . As just mentioned, such couplings
are expected from the mixed trace anomaly matching condition tr T aT aQX 6= 0, where T a is a
generator of GC . The notation in what follows is defined in [12].
We continue to have
K = k(L) +G(A,B,Φ, A¯, B¯, Φ¯)
k(L) = lnL+ g(L)
G =
∑
i
|Ai|2 +
∑
i
|Bi|2 +
∑
i
|Φi|2 (16)
3
On the other hand the superpotential now takes the form
W (A,B,Φ,Π) = Wˆ (A,B,Φ) + W˘ (Φ,Π)
Wˆ (A,B,Φ) = λijkAiBjΦk
W˘ (Φ,Π) = cα(Φ)Πα (17)
The functional cα(Φ) is left unspecified at this point. The fields Πα are chiral superfields corre-
sponding to hidden sector matter condensate operators.
We implement dynamical supersymmetry breaking through the form of the Veneziano-Yanki-
elowicz lagrangian assumed in [15]
LV Y =
∫
E
8R
U
[
b′ ln(eK/2U) +
∑
α
bα lnΠα
]
+ h.c. (18)
where U is the chiral superfield corresponding to the hidden sector gaugino bilinear condensate
operator. We have no T-moduli appearing explicitly, no threshold corrections, and the only GS
term is the one required to cancel the U(1)X anomaly. Following the BGW formulation with these
simplifications one obtains for the scalar potential
V =
1
2
(
2ℓ
1 + f
)∑
a
DaDa + (ℓg
′ − 2)
∣∣∣∣b′u4 − eK/2W
∣∣∣∣
2
+
∣∣∣∣eK/2(WˆI +WGI)− b′u4 GI
∣∣∣∣
2
+
(
1 + ℓg′
16ℓ2
)[
(1 + 2ℓb′)|u|2 − ℓeK/2(Wu¯+ W¯u)
]
(19)
Here, ℓ = L|, u = U |.
We restrict our attention to the submanifold of the vacuum manifold where DX is the only
nonvanishing D-term, and 〈ai〉 = 〈bi〉 = 0, with ai = Ai|, bi = Bi. In this case the vacuum image
of V is, after straightforward manipulations, given by
V =
1
2
g2HD
2
X + Vˆ (20)
Vˆ = eKσ2
[
b2c(v
2 − 2 + ℓg′) +
(
1 + ℓg′
2ℓ2
)
(2 + 3ℓb′ + ℓbc)
]
(21)
where we take ℓ at its vev and
vi = 〈φi〉, v =
[∑
|vi|2
]1/2
DX =
∑
i
qi|vi|2 + ξ, g2H =
2ℓ
1 + f
K = k(ℓ) + v2, bc = b
′ +
∑
α
bα
σ =
1
4
exp
[
− 1
bcg2H
− b
′
bc
]∏
α
∣∣∣∣4cα(v)bα
∣∣∣∣
bα/bc
(22)
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From these expressions it is not hard to work out Vi = ∂V/∂vi:
Vi = v¯i
[
g2HDXqi + σ
2b2ce
K + Vˆ
]
+ µiVˆ (23)
where
µi =
∑
α
bα
bc
∂
∂vi
ln cα(v) (24)
Notice that all of the quantities in (23) are real except v¯i and µi. Thus, the phase of vi will be
related to µi. We expect that this provides the necessary constraint to lift pseudoscalar D-moduli.
More precisely,
arg vi = − argµi mod π (25)
For minimization with vanishing cosmological constant we require V = Vi = 0, which implies
Vˆ ∼ −D2X . To have low scale supersymmetry breaking we demand |DX | ≪ 1, so from (23)
|DX | ∼ σ2 ≪ 1. Then for vi 6= 0 eq. (23) implies
g2HDXqi + b
2
Cσ
2eK = O(σ4) (26)
unless vi <∼ σ2. Thus the delicate cancelation of O(σ2) terms implied by (25) can, for reasonable
splittings of qi, only be achieved for one choice of charge qi, just as was the case in [12]. Since the
term µiVˆ in (23) is roughly O(σ4), the result of [12] for which qi gets vevs vi ≫ σ2 is unchanged:
the minimum qi must be the set getting vi ≫ σ2 vevs for positive mass-squared. To conclude,
|vi| ∼


ΛX qi = −q
σ qi 6= −q
q = −min{qi}, ΛX =
√
ξ (27)
since DX =
∑
i qi|vi|2 + ξ ∼ σ2 ≪ ξ. From (23) we have
v2 =
ξ
q
− b
2
Cσ
2eK
q2g2H
+O(σ4) (28)
We next suppose in (17)
cα(v) =
∑
A
cαA(v), cαA(v) = λαA
∏
i
(vi)
pα
iA . (29)
Then it is easy to check that (24) yields
viµi =
∑
α
bα
bc
∑
A p
α
iAcαA(v)∑
A cαA(v)
(30)
Consequently we can rewrite the minimization constraint which follows from (23) as (exactly)
0 = |vi|2
[
g2HDXqi + b
2
cσ
2eK + Vˆ
]
+ Vˆ
∑
α
bα
bc
∑
A p
α
iAcαA(v)∑
A cαA(v)
(31)
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In the case where the sum in (29) has only a single term, the cαA(v) cancel in (31) and no phase
constraints exist. Thus, a non-monomial polynomial assumption for cα(v) is required for phase
stabilization.
As an example, consider the case of only two fields φ1, φ2 of charges q1 = q2 ≡ −q and a single
matter condensate field with superpotential coupling
W˘ (φ, π) = c(φ)π, c(φ) = λ1φ1 + λ2φ2 (32)
We can go to U-gauge by writing(
φ1(x)
φ2(x)
)
= ei(θ(x)+ϕ+)
(
eiϕ− cos η eiϕ− sin η
−e−iϕ− sin η e−iϕ− cos η
)(
d(x)
h(x) + v
)
(33)
where 〈θ(x)〉 = 〈d(x)〉 = 〈h(x)〉 = 0 and
v1 = e
iϕ1v cos η, v2 = e
iϕ2v sin η,
ϕ± =
1
2
(ϕ1 ± ϕ2) (34)
Here, θ(x) + ϕ+ is eaten by the U(1)X vector boson, while the scalar h(x) + v acquires a ΛX mass
and fills out the massive U(1)X vector multiplet. ϕ− is the phase we would like to stabilize and
d(x) is the complex scalar D-modulus field. η is the mixing angle to the mass eigenstate basis which
we would also like to stabilize. It is not hard to check that (23) gives
0 = bc(λ1|v1|2 + λ2v¯1v2)(−qg2HDX + b2cσ2eK + Vˆ ) + bαλ1Vˆ (35)
and a similar equation with 1 ↔ 2, and then 2 conjugate equations. Manipulations on these four
equations lead simply to
v1v¯2
v¯1v2
=
λ¯1λ2
λ1λ¯2
⇒ ϕ1 − ϕ2 = 2ϕ− = arg(λ2
λ1
) mod π (36)
It is also straightforward to check
sin2 η =
bαVˆ (|λ1|2 − |λ2|2) + bcv2|λ1|2(−qg2HDX + bcσ2eK + Vˆ )
2bcv2|λ2|2(−qg2HDX + bcσ2eK + Vˆ )
(37)
Thus d(x) is stabilized and the phase and mixing are determined. In particular, the phase ϕ− is
not an independent source of CP violation, but is determined by whatever mechanism determines
the phases of λi.
If we embed this toy into a string-inspired model, the source of arg(λ2/λ1) would be the phase
of T-moduli. For example, suppose the modular weight of π is qIpi while for the fields φ1,2 we have
qI1,2. Then treating φ1,2, π as untwisted fields we have
λi ∼
∏
I
[η(tI)]2(q
I
i
+qIpi−1) (i = 1, 2) (38)
Then
λ2
λ1
∼ λi ∼
∏
I
[η(tI)]2(q
I
2
−qI
1
) (39)
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From (36) we have
ϕ1 − ϕ2 = 2
∑
I
(qI2 − qI1) arg(η(tI)) mod π (40)
If φ1,2 are untwisted with different compact space SO(6) weights (H-momenta), say (1, 0, 0) and
(0, 1, 0) resp., then
ϕ1 − ϕ2 = 2
[
arg(η(t2))− arg(η(t1))
]
mod π (41)
For t1 = eipi/6, t2 = 1,
arg(η(t1)) = −π/24, arg(η(t2)) = 0 (42)
and hence
ϕ1 − ϕ2 = π
12
mod π. (43)
In the case of twisted fields φ1 or φ2, the linear coupling in (32) implies that π is also twisted by
the point group selection rule. In this case a major revision to (18) would be required because
of mixing under SL(2, Z)3T . A mixing of π with other operators would not give the right sort of
anomalous modular transformation for LY V which could be canceled by LGS.
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